Abstract: A preliminary study of a wind turbine design is carried out using a wind tunnel to obtain its aerodynamic characteristics. Utilization of data from the study to develop large-scale wind turbines requires further study. This paper aims to discuss the use of wind turbine data obtained from the wind tunnel measurements to estimate the characteristics of wind turbines that have field size. The torque of two small-scale turbines was measured inside the wind tunnel. The first small-scale turbine has a radius of 0.14 m and the second small turbine has a radius of 0.19 m. Torque measurement results from both turbines were analyzed using Buckingham π theorem to obtain a correlation between torsion and diameter variations. The obtained correlation equation is used to estimate the field measurement of turbine power with a radius of 1.2 m. The resulting correlation equation can be used to estimate the power generated by the turbine by the size of the field well in the operating area of the tip speed ratio of the turbine design.
Introduction
The study of wind turbine design performance can be done quickly using various computational fluid dynamics software. The results of the study can be used as a basis to realize the design because the measurement results using software is relatively accurate. However, real measurements are needed because the conditions used in computing are ideal conditions while real conditions may differ considerably.
The research development progress in wind turbine technology is growing rather slowly in the last decades. Early mathematical works, started by Prandtl and also Joukowsky, were developed further by Kuchemann. He calculated the span and chord wise loading on straight and swept wings at subsonic speeds [1] . The concepts were deepened and sharpened for example with Goldstein's circulation function for optimal rotors with a hub, blade design and the influence of tip correction on rotor performance and actuator discs with swirl [2] [3] [4] [5] .
Lutz describes the practicality of lifting-line theory, Ayati calculates aerodynamic effects on wind turbine blades using the lifting-line theory, and digitally Lamar, developing a modified Multhopp approach for predicting lifting pressures and camber shape for composite planforms [6] [7] [8] . Moreover, Sutrisno et al., using the lifting-line theory, modeled the performances of three-dimensional (3-D) wind turbine blade plate-models with helicopter-like propeller blade tips [9] . 2 of 12 Kesler made a comparison between the experimental thrust and propeller thrust predicted by Prandtl's lifting line theory. Abedi developed a vortex filament method for aerodynamic loads on rotor blades, and de Oliveira et al. investigated how does the presence of a body effect to the performance of an actuator disk [10] [11] [12] .
In design blade horizontal axis wind turbine (HAWT), Plaza et al. conducted a comparison between blade element method (BEM) and CFD results for Mexico rotor aerodynamics. Bai et al. investigated a 10 KW HAWT blade and aerodynamic design using numerical simulation. Chehouri et al. reviewed performance optimization techniques applied to wind turbines. Singh and Ahmed examined blade design and testing of small wind turbine rotor performance for low wind speed applications. Suzan checks radical innovations in wind turbine blade design. Velázquez et al. studied the design and experiments of 1 MW HAWT [13] [14] [15] [16] [17] [18] .
In implementing BEM for design, Schubel and Crossley investigated the wind turbine blade design. Lynch conducted advanced CFD methods for wind turbine analysis. Elfarra examined the design and optimization of winglet and twisted aerodynamic using CFD HAWT rotor blade: winglet and twist aerodynamic. Maniaci et al. investigated the experimental measurement and CFD model development of thick wind turbine airfoils with leading edge erosion. Perfilev examined an optimization methodology optimization methodology for wind turbine blade geometry. Lutz and Wagner analyzed numerical shape optimization of subsonic airfoil sections. Rahimi et al. investigated the validity of BEM for simulation of wind turbines in complex load cases and comparison with experiment and CFD [19] [20] [21] [22] [23] [24] [25] [26] .
To enrich the insights, we need to compare mathematical works and BEM with 3-D approximation theory to include consideration of stall delay, turbulence, and separation. [9, [27] [28] [29] .
In HAWT stall delay, Dumitrescu and Cardos reported inboard stall delay due to the rotation. Hu et al. investigated a study on stall-delay for HAWT. Lee and Wu learned an experimental study of stall delay on the blade of a HAWT using tomographic particle image velocimetry. Sicot [30] [31] [32] [33] [34] [35] .
In the case of a stall, turbulence, and separation, Bak et al. analyzed the full-scale wind turbine test of vortex generators mounted on the entire blade. Yu et al. scrutinized an insight into the separate flow and stall delay for HAWT [36] [37] [38] . Cai et al. learned the design of an optimal wing-body configuration to delay the onset of vortex asymmetry [49, 50] . Using CFD, Bangga et al. explained the effect of the computational grid on accurate prediction of a wind turbine rotor using delayed detached-eddy simulations. Kim studied aerodynamic design and performance analysis of multi-MW class wind turbine blade [51, 52] .
Shafiqur Rehman et al. have reported a review on horizontal axis wind turbine blade design methodologies for efficiency enhancement [53] . The efficiency of the wind turbines can be increased by reducing the cut-in-speed by modifying / redesigning the blades. The problem is tackled by identifying the optimization parameters such as power coefficient, energy cost, blade mass, and blade design constraints such as physical, geometric, and aerodynamic Schubel and Crossley (Schubel and Crossley) reveal the blade design of wind turbines, exclusively with horizontal axis rotors, including theoretical maximum efficiency, propulsion, practical efficiency, HAWT blade design, and blade loads [19] . Manufacturers seek greater cost efficiency by exploiting the ability to scale the design, greater cost effectiveness through increased turbine size Two small turbines torque measurement have been conducted, and we used Buckingham π theorem to obtain a correlation between torsion and diameter variations. The correlation equation was developed and was used to estimate the field measurement of turbine power with a radius of 1.2 m. The resulting correlation equation can be used to estimate the power generated by the turbine by the size of the field well in the operating area of the ratio of the tip end of the turbine design.
The measurement of small-scale wind turbine models using wind tunnel is a commonly used way to obtain design characteristics. However, the data obtained require further analysis to be able to estimate the performance of wind turbines with sizes in the field. In this paper, dimensional analysis based on Buckingham theorem π is used to estimate the power to be generated by wind turbines with an actual scale based on torque correlations with changes in diameter of measurement results in the wind tunnel.
In this work, we considered the lifting-line theory in the form of simple mathematical works. Some practical implementation of BEM calculation was employed. We also considered the 3-D approximation theory, the flow visualization, the appearance of stall delay, rolled-up vortex phenomenon. Q-criterion rolled on CFD was implemented.
Wind turbine characteristics

Wind Turbine Scaling, Rule of similarity and Buckingham π Theorem
We executed the work started with the rule of similarity and Buckingham π theorem. The significant parameters that govern the rotor characteristics can be formulated as a function of turbine diameter [54] . In this study, all geometrical parameters of the blade are scaled linearly.
Following the Buckingham π theorem, the number of dimensionless parameters (Np) needed to correlate associated data equals the total number of variables (Nv) minus the number of independent dimensions needed to describe the problem (Nd) (Eq. 1) [55] . ,
For any associated dimensional quantity Q,
Q0 has the same dimension as Q. If P0 ≡ Q/Q0 is defined as a dimensionless quantity, then Pis as π factor are dimensionless. In Eq. 2, ais are coefficients that must be determined.
Torque-Diameter Correlation
The elementary quantities used in the experiment variables could be mass (M), length (L) and/or 
From Eq. 3, we found that
Experimental Setup
Wind Turbine Design
In this study, one could use BEM procedures to design the geometries of the wind turbine blades. The rotors had three blades and applied airfoil NACA 4412 along with their span. The distributions of pitch angles and normalized chords length in spanwise were approximated using the BEM optimum distribution (Eq. 5 and 6) as depicted in Figure 1 . The design used a tip speed ratio of 3.65. The calculated performance of the design is described in the form of power coefficient as a function of tip speed ratio as depicted in Figure 2 . Figure 3 shows the three-dimension printed models that have a radius of 0.14 m. Figure 3 shows the schematic parameters of small-scale wind turbine measurement. The parameters consist of wind speed, the rotation speed of the rotor, and the torque of the rotor. A rope brake dynamometer system measured the torque. The torque was not measured directly. A balancing weight (W) was used to generate friction force on a pulley of Dp in diameter. The torque values were calculated from the difference between balancing weight and the values shown in digital balance (S) by Eq. (4). 
Parameters Measurement in wind tunnel
Field measurement
Field measurement was done in the beach area ( Figure 6 ). The location of the field was at the coastal line of Pantai Baru, Jogjakarta, Indonesia, about at a geographic location of 7.9894 S and 110. 2219 E. The tests were done by following the IEC 61400-12-1 standard. Figure 6 . Field measurement setup [56] 
From BEM to 3-D wind turbine blade concept
Since the early research development of the wind turbine rotor theory, the wind turbine blade was divided into a number of independent span wise sections and the induced velocities could be calculated. This method for infinitely many blades was called the blade element momentum (BEM) theory.
At the moment, the concept slightly shifts, as an analogy of an airplane at first use planar wing, then implement swept wing. The wind turbine blade design, from using the BEM concept, and then shifts to the concept of 3-D wind turbines.
On the aircraft, an addition of swept on the wing, it slightly reduced performance but the stall was delayed, that high performance survived to higher angles of attack. As for wind turbines, with the addition of swept on the blade, it slightly reduces performance but stall is delayed, that the blade high performance will survive, to higher wind speeds. In wind turbine blades, since stall propagation from the root outward, swept positive/backward is from the root toward the tip [9] , as seen in Fig, 3 . This is very beneficial for the region with lots of gusty winds. This concept could be called as the 3-D wind turbine blade concept. Figures 7 and 8 show the results of the torque measurement of small scaled rotors in the wind tunnel. The measured data then were evaluated by Eq. (3). Figure 9 shows the plotted non-dimensional torque (P0) as a function of another non-dimensional parameter (P1). Figure 9 indicates two region of data group. The first is data that forms relatively linear in logarithmic of P0 axis and the second forms the non-linear. A correlation of torques associated with diameters of wind turbine rotors could be created using data in the linear region as stated in Eq. (7). The correlation would be chosen for estimating the power of field measurement of a wind turbine because of the nature of the generated power in the field would be similar with the region. . Figure 10 . Results of power measurement of the rotor with a diameter of 2.4 m in the field [56] and predicted power values by data correlation from small-scaled rotors Figure 11 . The altered power coefficient of field rotor by wind speed changes.
Results and Discussion
Measurement Result and Torque-Diameter Correlation
Field Measurement and Computed Power
Based on Eq. (7), the power of the rotor can be calculated using Eq. (8). The computed power with a selected tip speed ratio (λ) of 3.65 and 3 are shown in Figure 9 . (8) The results of the tests are described in Figure 10 [56] . Maximum standard deviation of the power of bin data in the field measurement is 161.5486 watt [56] , whereas the error values from the correlation increases until 92.2884 watt at wind speed of 10 m/s. For wind speed greater than 10 m/s, the estimated power is higher than the expected values. The lower expected value at high wind speed might be caused by the rotor of the wind turbine rotates slower than the designed operation. Therefore, Eq. (6) would be confident enough to be used in estimating the results of the power measurement.
The correlation equation estimate that the power coefficient of the field rotor will be 0.21 constantly over all the ranges of the wind speed. The value is sound to be used in practical but with the correction of the ranges of the wind speed. Figure 11 describes the computed power coefficient based on field power measurement as a function of wind speed. Based on Figure 11 , it is reasonable if the power coefficient of the rotor is estimated to be 0.21 in the range of wind speed form 5 m/s to 12 m/s.
For the results comparison between the lifting line theory and measured power, in the previous report [9] , we have compared between performance coefficient (Cp) versus tip speed ratio (λ) implementing lifting line theory based on the Pistolesi principle with rotation, versus the actual measurement results. The matching result was satisfactory. Figure 12 shows comparisons between the tuft patterns of backward wind turbine blades of radius r = 19 cm. The coefficient of performance of these two backward blades, since they both have the same styles, are similar [9] . Figure 12 showed the patterns at a) U=4. weak stall pattern, b) with half stall pattern and c) with stall to tip pattern, referred to [27] .
It can be noted from Figure 12 that the first row, when the RPM is high as the wind speed is high, their patterns are similar to the second row where the RPM is rather low as the wind speed is also rather low, since their load are similar. Compared to Figure 13 , they have similar patterns, even though the wind speed is high blowing upon bigger blades, but since they operate at similar TSR, they have similar pattern, since the load are adjusted to maintain the operating voltage, for electrical security.
Conclusion
Method selection in making experiment data of small-scale wind turbine valuable for designing large scale one is an important task. In this paper, dimensional analysis based on Buckingham π theorem work well to be applied. The pattern of the torque data that come out from a small-scale wind turbine test in the wind tunnel was made. Based on the results, the correlation of the torque data of small rotor associated with rotor diameter could be used to predict the result of field power measurements of the large one confidently as the errors are lower than the expected from the field measurement error.
The discussion in this paper is limited to rotor scaling up to 8.57. The use of Buckingham π theorem gives good result. An extending investigation is needed to study the effectiveness of the method if it be applied for higher scaling. One can also conclude that the lifting line theory supported the similarity character of the theory and its real measurement result, and tuft patterns of the backward wind turbine blade supported the similarity of the flow visualization pattern between small-scale and large-scale wind turbines. Acknowledgments: The authors would like to express sincere gratitude to Prof. Dr. Noer Ilman, Dr. Prajitno for the time spent in serious discussion, helpful suggestions, and useful conceptual contribution. We would like to thank also our students Farhan, Fadhil, Hasan, the laboratory staff members, Waji and Min, for giving their help in construction work and conducting data management, which we gratefully acknowledge.
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